The optoelectronic properties of transparent nanocrystalline TiO 2 films were modified by the incorporation of a low level of Ga 3þ or Y 3þ cations. After optimizing their relative concentration level, we were able to increase in a noticeable manner the power conversion efficiency from 7.4% to 8.1% for gallium and even to 9.0% in the case of yttrium where all three photovoltaic (PV) performance parameters were improved simultaneously. The beneficial effect of gallium and yttrium on the PV characteristics is attributed to a lower electrical resistance and longer electron lifetime enhancing the charge collection efficiency in the transparent layer. We also herein demonstrate that the substitution of the titanium site by a trivalent element in the benchmark TiO 2 enables the disposal of the "magic" TiCl 4(aq) post-treatment. The potential of this approach was also confirmed in solid-state PbS quantum-dot (QD) solar cells. In particular, a gallium-containing TiO 2 anatase photoanode generated twice as much short-circuit photocurrent density as the standard electrode. A 1.9% power conversion efficiency has been achieved by using a solid-state heterojunction of the doped TiO 2 with a 100 nm of PbS QD overlayer and using a gold back contact. 9233 dx.
' INTRODUCTION
The anatase polymorph of TiO 2 has rapidly become a leading contender in photocatalysis, electrochromic displays, and solar energy research. Its success is based not only on its appropriate band structure and optoelectronic characteristics but also arises from its ease of preparation, low cost, and environmental compatibility while being chemically robust. 1À7 The particular electronic configuration of Ti 4þ , which adopts a 3d 0 configuration, paves the way to a captivating multifaceted chemistry driven by its sensitiveness to crystallographic or electronic point defects. Anionic or cationic aliovalent doping of TiO 2 by means of s, p, d, or f elements has been thus intensively investigated as it allows changing to a broad extent the optoelectronic properties of the material. One goal is to push its absorption edge toward the visible domain, thus raising its photocatalytic activity in sunlight. 8À10 By contrast, this property may not be desired for regenerative solar cell applications as photocatalytic reactions could interfere with the long-term stability of the device.
Since the seminal paper reported in 1991 on mesoscopic dyesensitized solar cell technology (DSC), the use of nanocrystals of anatase TiO 2 still prevails as material of choice for the photoanode. It is also commonly used in the related photovoltaic (PV) technologies, e.g., quantum-dot-sensitized solar cells (QDSC) or extremely thin absorber (ETA) solar cells. The mesoscopic TiO 2 film is at the heart of all these devices, playing a fundamental role for the DSC performance in light energy conversion. For instance, the roughness factor of the photoanode, given by its porosity and particle's surface area, controls the dye loading and thus the light-harvesting capability of the device. Optimization of the pore size is also highly desired to ensure efficient mass transport within the mesoporous assembly for liquid electrolyte DSC and to facilitate infiltration of the hole conductor for solid-state devices. 11, 12 These different characteristics also influence the rates of electron transport vs electron recombination which control the charge collection efficiency. 13 In order to enhance the collection of charges, several approaches have been envisaged to date, like modifying the TiO 2 / electrolyte interface to reduce tri-iodide access onto the TiO 2 's surface. This was carried out either by means of a coadsorbant 14À16 or by the way of a dye bearing a long aliphatic alkyl chain network. 17, 18 The tailoring of more complex materials has also been particularly proficient such as a coreÀshell structure employing a wider bandgap shell than titania 19À23 or the reduction of the film's dimensionality to favor electron transport. 24À33 Recently, we have reported an additional route to carefully control the distribution of surface traps by the introduction of Nb 5þ into the Ti 4þ sites to an extent lower than 2% at. 20 This point defect entails the creation of donor states increasing the charge collection efficiency and enhancing the electrode's transparency as a result of the BursteinÀ Moss effect. 34 We obtained higher power conversion efficiency (PCE) although the introduction of donor states decreases the output photovoltage. In this work, we pursue this approach by the inclusion of trivalent elements within the anatase lattice to create intermediate acceptor levels and evaluate whether the charge collection efficiency could be enhanced without the photovoltage penalty. Among the panel of trivalent cations on hand in the periodic table, particular attention has been paid to Ga 3þ and Y 3þ as these two elements were reported in the literature to not affect the optical bandgap of the anatase while presenting greater photocatalytic activity for water cleavage in comparison to the benchmark undoped TiO 2 electrode. 35À37 The photovoltaic properties of these new photoanodes will be herein presented for liquid-electrolyte-based DSCs in combination with the C101 heteroleptic ruthenium (þII) dye (Na-cis-Ru(4,4 0 -(5-hexyltiophen-2-yl)-2,2 0 -bipyridine)(4-carboxylic acid-4 0 -carboxylate-2,2 0 -bipyridine) (thiocyanate) 2 ) 38 as well as in solid-heterojunction PbS quantum-dot solar cells. The effect of the presence of a trivalent element on the PV characteristics will be discussed on the basis of charge extraction, photovoltage, and photocurrent transient decay measurements.
' EXPERIMENTAL SECTION a. Synthesis of TiO 2 , GaÀTiO 2 , and YÀTiO 2 Nanoparticles. Titanium isopropoxide (97%), gallium nitrate (99.9%), yttrium chloride (99.9%), and terpineol were obtained from Aldrich. Acetic acid, nitric acid (65%), ethyl cellulose (viscosity: 5À15, 30À50 mPas), and ethanol were purchased from Fluka. All reagents and solvents were used as received. An equimolar (0.2 mol) proportion of acetic acid (12 g) is added to titanium isopropoxide (58.6 g) under constant stirring. The trivalent precursor, corresponding to mole fraction levels with respect to titanium varying from X = 0.5% to 2% (with respect to titanium), was added dropwise under stirring. For clarity reasons, we have adopted the following terminology for the different materials synthesized: X% M 3þ ÀTiO 2 , where X corresponds to the amount of M 3þ (M = Y or Ga) added into the titanium isopropoxide solution. However, as it is described in the Results and Discussion section, a discrepancy has been observed between the initial concentration of dopant in solution and its amount successfully incorporated in the anatase lattice. The intermediate product was then transferred into a conical flask containing 350 mL of water. A white precipitate was formed immediately due to hydrolysis of titanium isopropoxide and the substituent. The solution was kept under vigorous stirring for 1 h to complete the hydrolysis process. Four milliliters of concentrated HNO 3 (65%) was then added and the solution heated to 78°C for 90 min to ensure peptization of the particles. Prior to hydrothermal reaction at 250°C for 12 h (reactor's volume 210 mL), the solution was concentrated to 150 g using a rotovap. After the solution was cooled down to room temperature, 1 mL of concentrated HNO 3 was again added to the colloidal solution which was subsequently dispersed using a titanium ultrasonic horn for 2 min with a sequence of a 2 s long pulse and 2 s waiting time. This process is repeated three times to attain an excellent dispersion of the particles.
b. Paste Preparation. To prepare the screen printing paste, the suspension was again concentrated to 20% by weight of TiO 2 ; the remaining water, alcohols, and nitric acid being removed by centrifuging in ethanol. The complete procedure for screen printing paste preparation is detailed in the chart below.
c. Synthesis of PbS Quantum Dots and Preparation of Solid-State PbS Solar Cells. Colloidal PbS nanocrystals (NCs) were purchased from Evident Technologies and stored in a nitrogen-filled glovebox. As-prepared, the PbS NCs were capped by oleic acid.
For the device fabrication, a thin blocking layer of compact TiO 2 was deposited on a cleaned fluorine-doped tin oxide (FTO) glass substrate by spray-pyrolysis using a solution of titanium diisopropoxide bis(acetylacetonate) in ethanol. The photoanode was deposited onto the compact layer by doctor blading using a diluted paste. To remove the plasticizer and terpineol, the film was sintered at 450°C for 30 min to yield a film with thickness of 1 μm ( 100 nm. The sensitization of this layer by the quantum dots (QDs) was ensured by multilayer spin coating using 50 mg 3 mL À1 solution in octane under inert conditions. Each layer was deposited at 2500 rpm for 10 s, treated briefly with 10% 3-mercaptopropionic acid (MPA, g99.0% from Sigma Aldrich) in methanol (also 2500 rpm for 10 s), and rinsed with anhydrous methanol and anhydrous octane (Sigma Aldrich) to remove excess of MPA and PbS QDs. The gold contact was deposited by thermal evaporation to yield a 100 nm thick electrode.
d. Material Characterization. The structural characteristics of the different materials synthesized were analyzed by X-ray diffraction using a Bruker D8 discover diffractometer configured in a (θÀ2θ) configuration with Cu K R1 radiation (λ = 1.54056 Å). The surface area and the porosity of the films were evaluated by BET using a Micrometrics ASAP2000 apparatus with N 2 gas sorption. Prior to these measurements, the sample was degassed at 250°C under vacuum for 4 h. The thickness of the printed film was measured using a KLA Tencor alpha-step 500 surface profiler. The optical properties were evaluated using a Cary 5 UVÀvisibleÀNIR spectrophotometer. Scanning electron microscopy (SEM) micrographs and energy dispersive X-ray (EDX) quantifications were performed using an FEI XLF30-FEG microscope. The valence state of metal ions and their atomic concentrations were probed by X-ray photoelectron spectroscopy (XPS/ESCA KRATOS AXIS ULTRA) using the Al KR (1486.3 eV) radiation. The resistance of the TiO 2 and modified TiO 2 materials were studied using fourprobes resistivity measurements. For this, condensed pellets were
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The amount of dye uptake on semiconductor films was measured by dye desorption in dimethyl formamide (DMF) containing tetrabutyl ammonium hydroxide. The film area was 0.283 cm 2 . The absorbance of the resulting solution was measured by UVÀvisible spectrophotometry (model: HewlettÀ Packard 8452A diode array spectrophotometer).
e. Device Fabrication. The nanocrystalline TiO 2 films, acting as photoanode, were prepared by screen printing onto NSG10 FTO glass. Prior to screen printing, the glass was chemically treated by an aqueous solution of 40 mM of TiCl 4 at 70°C for 30 min. The mesoporous films were stained with the heteroleptic ruthenium polypyridyl C101 ruthenium dye for 14 h at 4°C in dark. The staining solution contained 300 μM of sensitizer and 75 μM of dineohexyl phosphinic acid (DINHOP) dissolved in an equimolar volume of acetonitrile and tert-butanol. Prior to assembling, the electrode was washed with acetonitrile. The counter electrode was made of TEC15 glass covered by ca. 50 mg/m 2 nanocrystals of PtO x /Pt catalyst, obtained by thermal decomposition at 410°C for 15 min of a 5 mM drop-casted solution of H 2 PtCl 6 in isopropan-1-ol. The two electrodes were assembled using 25 μm thick Surlyn TM polymer film. The electrolyte used was composed of 1 M 1,3 dimethylimidazole iodide (DMII), 50 mM LiI, 30 mM I 2 , 0.5 M tert-butyl pyridine (tbp), and 0.1 M guanidinium thiocyanate (GuNCS) in a solvent mixture (85%/15% by vol.) of acetonitrile and valeronitrile. This electrolyte is injected by vacuum backfilling through a hole sand-blasted at the side of the counter electrode.
f. Photovoltaic Characterization. A 450 W xenon lamp (Oriel, U.S.) was used as a light source. The spectral output of the lamp was filtered using a Schott K113 Tempax sunlight filter (Pr€ azisions Glas & Optik GmbH, Germany) to reduce the mismatch between the simulated and actual solar spectrum to less than 2%. The currentÀvoltage characteristics of the cell were recorded with a Keithley model 2400 digital source meter (Keithley, U.S.). The photoactive area of 0.159 cm 2 was defined by a black metal mask. Incident photon-to-current conversion efficiency measurements were determined using a 300 W xenon light source (ILC Technology, U.S.). A Gemini-180 double monochromator Jobin Yvon Ltd. (U.K.) was used to select and increment the wavelength of the radiation illuminating the cell. The monochromatic incident light was passed through a chopper running at 1 Hz frequency, and the on/off ratio was measured by an operational amplifier. This was superimposed on a white light bias corresponding to 10 mW/cm 2 intensity. The electron recombination and transport in the mesoporous film was measured by transient photovoltage and photocurrent decay measurements, respectively. The white light was generated by an array of LEDs, while a pulsed red light (0.05 s square pulse width) was controlled by a fast solid-state switch to ascertain rapid submillisecond rise of light perturbation. The current and voltage decay was recorded on a Mac-interfaced Keithley 2602 source meter.
' RESULTS AND DISCUSSION a. Characterization of the Nanocrystalline Ga 3þ À or Y 3þ ÀTiO 2 Nanoparticles. Using the hydro(solvo)thermal procedure described in the Experimental section, white particles were recovered regardless of the nature of the substituent and its concentration. Their structural characteristics have been analyzed by powder X-ray diffraction. The collected diffractograms are gathered in Figure 1 . For TiO 2 , the pattern features the anatase crystal structure which crystallizes within the I4 1 /amd space group (tetragonal cell). The lattice cell parameters were refined using Fullprof software. 39 We obtained a value for a = 3.7856(1) Å and c = 9.5013(3) Å which is in excellent agreement with those reported in the literature. 40, 41 However, a small residue between the experimental and the simulated pattern has been detected. This discrepancy was attributed to the coexistence of the rutile polymorph in a ca. 1% extent. The ratio between anatase to rutile varies noticeably depending on the nature and proportion of the substituent added along the titanium isopropoxide precursor as was observed in our previous work on niobium-doped TiO 2 photoanode. 34 Ahmad et al. have discussed this growth competition on the basis of a change in the activation energy (E a ) for the anatase-to-rutile transition when doping. 42 Based on the molar fraction of rutile polymorph (X R ) and using the proposed semiempirical relationship, ln X R = À(1/ T)(E a /R), where T and R are the temperature and the universal gas constant, respectively. We have deduced for our benchmarch TiO 2 particles an activation energy of ca. 20.2 kJ/mol to onset this transition. In the case of gallium and yttrium, this activation energy decreases to 15.9 and 14.0 kJ/mol at a 0.5% level of Ga 3þ and Y 3þ , respectively. Regardless of the substituent nature and its concentration, the X-ray diffractograms (XRD) continue to feature the anatase polymorph as a major phase while the formation of Y 2 O 3 or Ga 2 O 3 subsequent to the hydrothermal treatment was not evidenced. The only modification noticed concerns the peak positions. This was further confirmed by their structural refinements which show a modification of the lattice cell parameter driven by the effective accommodation of the trivalent cation by the lattice (Figure 1 inset) . The verification of the so-called Vegard's law attests to this successful incorporation leading to an increase of the a and c parameters in the case of the Ga 3þ and an increase of a and a decrease along c in the case of the Y 3þ . Nevertheless, elemental analysis performed by EDX and XPS stresses a particular discrepancy between the effective content of Ga 3þ or Y 3þ within the particles and their initial concentrations before the autoclaving process (initial solution was containing either 0.5, 1, or 2% of dopant concentration with respect to titanium). For instance in the case of gallium, about 60À70% of the initial amount was not incorporated in the lattice and remained unreacted in the autoclaving solution. In the solid, the rough compositions were then "Ga 0.13 TiO 2 ", "Ga 0.31 TiO 2 ," and "Ga 0.72 TiO 2 " to respectively 0.5, 1, and 2% of gallium in the pristine solution prior autoclaving (nb. charges are voluntary not compensated). For yttrium, its content in the particles is only about 0.05%, while 2% would be expected from the initial stoichiometry introduced in solution. Note that for these yttrium samples, the lattice cell parameters were constant for concentrations beyond 0.5% in solution which suggests the rapid reach of its solubility maximum. Such a low solubility limit (<0.1%) has already been evoked by Wang et al. on ceramics. 43 Although of equal charge, the difference of solubility between gallium and yttrium is ascribed to the higher ionic radii of yttrium (r Y 3þ = 0.90 Å) in comparison to gallium (r Ga 3þ = 0.61 Å). 44 By comparison to our precedent work on niobium where almost all this niobium was incorporated successfully (r Nb 5þ = 0.64 Å), 34 the lower solubility for trivalent cations could originate from a different incorporation mechanism, notably by a different crystallographic
The Journal of Physical Chemistry C ARTICLE position of the trivalent cation in the lattice or a different charge compensation mechanism (e.g., formation of O 2À vacancies or Ti 4þ moving in interstitial sites). Rietveld refinement on the 2% GaÀTiO 2 sample suggests the Ga 3þ to be positioned as a substituent of the Ti 4þ site (4d). This looks consistent with the work of Kofstad who supported, as a generalization, that trivalent cation substitutes preferably with the Ti 4þ site in TiO 2 . 45 This is also consistent with the results published by Diamandescu et al. who were concluding the same position in the case of Fe 3þ (r Fe 3þ = 0.64 Å). 46 Unfortunately, the aforementioned low solubility of Y 3þ has prevented us from providing any conclusive result on its crystallographic location. However, based on its significantly higher ionic radii and on its different influence on the lattice cell parameter, i.e., shrinkage along [001] direction, it seems likely that yttrium is not accommodated in a Ti 4þ site but rather is located in an interstitial site.
XPS spectroscopy on the different samples confirms that there is no charge transfer between the substituent and the titanium. In other words, the titanium valence state remains 4þ. On the other hand, for the gallium-based samples, the quantification performed by XPS suggests the formation of oxygen vacancies. Indeed, whereas the ideal stoichiometry was obtained for the pristine material Ti 1.00 4þ O 2.00 2À , we quantified for the gallium titania sample a net stoichiometry of Ga 0.01 3þ Ti 0.99 4þ O 1.95 2À . The electroneutrality condition in this rough formula is not perfectly respected. While questions remain about the uncertainty in the quantitative measurement of the GaÀTi to O ratio, we can also hypothesize the inappropriateness of XPS to give a statistical quantification deeper within the particles and also the formation of Schottky defects, i.e., pairs of Ti 4þ and O 2À vacancies, since in the above formula was assumed all the cationic site to be occupied. Nevertheless, the results for gallium clearly suggest the formation of oxygen vacancies, their concentration [V€ O ] being fixed by the concentration of Ga 3þ in the crystal as similarly described in the literature in the case of the rutile polymorph. 47 The generation of an oxygen-deficient material is consistent with the decrease in the activation energy for the anatase-to-rutile transition 48 and is also in agreement with the thermopower measurements performed on all the samples showing a n-type behavior. In the absence of strong evidence for Schottky defects in the material, at the present stage, the incorporation mechanism for the gallium can be written using the Kr€ ogerÀVink notation as being
The incorporation of Ga 3þ and Y 3þ entails a small decrease of crystallite size as similarly experienced in the case of niobium doping. 34 Table 1 summarizes all the particle characteristics, including the BET surface area based on N 2 desorption, crystallite size calculated from the [200] and [004] directions, and particle size and film porosity measured on the screenprinted film. The latter lies between 69 and 72% with the exception of the 1% and 2% YÀTiO 2 samples for which the electrode's porosity decreased to 65% and 64%, respectively. The BET surface area of the different samples is between 78 and 85 m 2 /g. Figure 2 compares at the same magnification the SEM micrograph for TiO 2 , 2% GaÀTiO 2 , and 2% YÀTiO 2 mesoporous film. Regardless of the substituent, the film is composed of nanoparticles of around 20 nm size, leaving mesopores ranging from 20 to 30 nm diameter particularly suitable to guarantee high dye loading and efficient mass transport all through the pores. For a concentration of YCl 3 3 3H 2 O greater than 1%, we have observed the remains of small aggregated particles (see Figure 2c ). This could be at the origin of the decrease in the electrode's porosity. By taking into account the contribution of anisotropic and strain broadening in the profile of the XRD peaks in our Rietveld refinement, the average morphology of the particles was modeled using a G-Fourier program. The results for TiO 2 and 2% GaÀTiO 2 are shown in the inset of Figure 2 . The incorporation of gallium entails a slight modification of the particle's morphology which depicts a bulged elliptical shape. From an optical point of view, a bandgap of 3.22 eV has been measured for our TiO 2 which is in excellent agreement with the values reported in the literature 49 (see Figure 1 in the Supporting Information). This value is not modified noticeably by the substitution with Ga 3þ (3.19À3.25 eV). Interestingly, this contrasts with the case of yttrium-doped anatase, where the bandgap The Journal of Physical Chemistry C ARTICLE decreases to 3.12 eV and even to 2.97 eV for the 0.5À1% YÀTiO 2 and 2% YÀTiO 2, respectively. Such a difference may hint of a different position held by yttrium in the lattice. The point defect created by the introduction of gallium or yttrium leads to a slight increase in the film's conductivity. Figure 3 shows the evolution of the resistance measured on a compact pellet using a Pt four-probe technique. For TiO 2 , the resistance measured corresponds to a mean value of 25.4 ( 0.3 MΩ. The incorporation of gallium decreases this value by around 3 MΩ whereas the effect of yttrium on the conductivity was more pronounced with a final value reaching 15.6 ( 1.1 MΩ. This decrease of resistivity is relatively surprising since theoretically we would expect the formation of oxygen vacancies to strengthen the trapping effect of the electron nearby the transition metal orbitals. Further experiments to study the transport properties in these new nanocrystals are underway to better understand the mechanism by which the charges are transported.
b. Photovoltaic Properties in Liquid C101-Sensitized Solar Cells. The new photoanodes were incorporated in dye-sensitized solar cells in combination with the recently developed C101 Ru(þII) dye and tested with a volatile liquid electrolyte. The particularity of this dye, related to the family of Z907Na, lies in its higher molar extinction (17 500 M À1 3 cm À1 ) and red-shifted metal-to-ligand charge transfer (MLCT) transition at 547 nm. 38 The improvement of the dye's optical properties results from the destabilization of the metal-t 2g orbitals by the electron-rich thiophene group attached to the bipyridine ancillary ligand. Throughout this work, the photoanode consisted of a 7 μm thick transparent nanocrystalline TiO 2 film. No light scattering layer was superimposed in order to probe clearly the effect of modifying the anatase with the trivalent substituents. Under these conditions, the standard TiO 2 photoanode without TiCl 4 post-treatment exhibits a power conversion efficiency at full AM 1.5G sunlight of 7.4% (J SC = 13.6 mA/cm 2 , V OC = 721.4 mV, and ff = 74.6%) ( Figure 4 and Table 2 ). Substitution of Ti 4þ by Ga 3þ improves the V OC from 721.4 to 768.3 mV and the fill factor from 74.6% to 80.4%. Although an increase of the photovoltage often entails a decrease of short-circuit current density due to insufficient driving force for electron injection, in this case the photocurrent was maintained at 13.4 mA/cm 2 up to a doping level of 1% GaÀTiO 2 before it dropped to 11.3 mA/cm 2 . Optimal performance was reached by the 1% GaÀTiO 2 material, achieving a substantial PCE improvement from 7.4% to 8.1%.
The effect of yttrium is again different in as much as its presence enhances both the short-circuit photocurrent and the fill factor (Table 3) . A maximum of J sc = 15.9 mA/cm 2 was The Journal of Physical Chemistry C ARTICLE obtained for the 1% YÀTiO 2 sample. In contrast to the effect of gallium, the photovoltage is relatively constant, increasing only slightly for the 1% YÀTiO 2 material to 739 mV before it declines to 708 mV at higher yttrium levels. By improving the three key PV parameters simultaneously, the use of the 1% YÀTiO 2 particles enables a PCE as high as 9.0%. In order to attain their optimal performance, nanocrystalline anatase films are normally subjected to a post-treatment by a solution of TiCl 4(aq) which produces a layer of TiO 2 nanocrystals of 2À3 nm in size at the surface of the anatase particles increasing the electrode's roughness factor and therefore the dye loading. In addition this post-treatment augments the necking between the TiO 2 nanoparticles reducing the rate of the back-reaction. 34, 50, 51 These beneficial effects were also verified in this work since the TiCl 4(aq) post-treatment improved the PCE remarkably from 7.4 to 8.4% owing to a gain of photovoltage and photocurrent (Table 4) .
For the new photoanodes developed in this work, this posttreatment still benefits the photocurrent. However, it decreases both the fill factor value and the photovoltage. As the gain in J sc compensates the loss of V OC and ff, the final PCE shows only a slight increase to 9.1%. It remains to be explored why the TiCl 4(aq) post-treatment affects differently the doped anatase layers compared to the benchmark samples. These findings have great practical importance as they render superfluous the additional post-treatment of the particles simplifying the cell manufacturing while affording improved power conversion efficiency.
The incident photon-to-electric current conversion efficiency (IPCE) was measured for TiO 2 , 1% GaÀTiO 2 , and 1% YÀTiO 2 between 340 and 750 nm ( Figure 5 ). For the TiO 2 reference, the IPCE spectrum shows a broad feature ranging from 380 to 750 nm characteristic of the C101 dye. The maximum IPCE is 82% at 550 nm. Devices assembled with the Ga-doped TiO 2 show a very similar feature, a slightly lower yield in the blue part of the spectrum being compensated to some degree by an increase in the red. On the other hand, major improvements are noticed with the 1% YÀTiO 2 material, which exhibits an enhanced red response and a maximum of conversion reaching 90% at 550 nm. These results are consistent with the trends of the short-circuit current density recorded with our solar simulator.
In order to gain more insight into the origin of the observations for the PV characteristics made with the new photoanodes, we have first carefully measured the amount of dye chemisorbed onto the mesoporous film. For this, we probed the visible light absorption given by the MLCT transition of the dye desorbed in a DMF solution of tert-butyl ammonium hydroxide. The values obtained are tabulated in Table 5 . The electrode composed of our regular TiO 2 accommodated 6.8 Â 10 À8 mol/cm 2 of C101 molecules compared to 6.2 Â 10 À8 mol/cm 2 for 0.5% GaÀTiO 2. The dye loading increases along the level of Ga-substituent to reach 7.3 Â 10 À8 mol/cm 2 for 2% GaÀTiO 2 . The trend in the short-circuit current density matches the dye loading, except for the sample containing 2% GaÀTiO 2 . Since the Ga-doped films have comparable BET surface area and porosity, the effect of gallium on the dye loading appears to result from a change in the acidÀbase behavior of the material, possibly an increase in the isoelectric point favoring dye uptake.
For yttrium, the higher dye loading could result in part from the larger roughness factor of the electrode. However, the marked augmentation of the short-circuit current density cannot be rationalized by an increase of the film's optical density alone. This is the reason why we pursued our investigation using the Figure 5 . IPCE spectra recorded on 7 μm thick transparent electrode of TiO 2 , 1% GaÀTiO 2 , and 1% YÀTiO 2 sensitized with C101 dye. The Journal of Physical Chemistry C ARTICLE charge extraction measurements to assess the distribution and density of surface states within the new materials. Conversely to the case of niobium which creates intraband donor states, 34 the substitution of titanium by gallium or yttrium does not influence the density and energy distribution of the trap states below the conduction band ( Figure 6 ). Deduced from the single exponential photovoltage decay, Figure 7a shows the evolution of the electron lifetime as a function of the charge density within the film. These results underline the effectiveness of the trivalent cations to increase the electron lifetime several times, most notably at high charge densities. For instance, at a charge density of 10 18 #/cm 3 , the electron lifetime measured in the standard TiO 2 film is 18 ms compared to 55 ms for the Y 3þ and Ga 3þ samples, the latter being most efficient in retarding the electron back-reaction. Altogether, these results suggest that the observed increase of photovoltage can be assigned to the longer electron lifetime and not to an upward shift of the conduction band edge. The photocurrent decay at short-circuit condition was also measured to analyze the dynamics of the electron transport process. The evolution of transport rate (k t ) as a function of charge density is plotted in Figure 7b . Clearly the trivalent cations retard the charge transport. Thus, for a charge density of 10 18 #/cm 3 , the rate constant for our standard TiO 2 is ca. 379 s À1 whereas it decreases to 171 s À1 for yttrium and 111 s À1 for gallium. The charge collection efficiency (η CE ) is given by the ratio of the transport rate and the sum of transport and recombination rate. Results are reported in Figure 7c as a function of charge density. For a charge density of 10 18 #/cm À3 , the collection efficiency in our nanocrystalline TiO 2 attains 84% in comparison to 87% and 90% for 1% GaÀTiO 2 and 1% YÀTiO 2 , respectively. The latter material gives the best compromise between prolonging the electron lifetime and maintaining fast electron transport. Clearly, introducing these trivalent cations is beneficial to enhance the charge collection efficiency and therefore the PCE.
c. Photovoltaic Properties in Solid-State PbS Quantum-Dot Solar Cells. Based on these encouraging results, the best performing gallium-and yttrium-modified TiO 2 materials have also been introduced as electron collectors in solid-state quantum-dot heterojunction solar cells. Among the different colloidal semiconductor nanocrystals that have been developed to date, we turned toward lead chalcogenides nanocrystals as this family exhibits high dielectric constant and therefore large exciton Bohr radius which paves the way to a significant degree of quantum confinement affording bandgap values from 0.5 to 2 eV. 52À56 The other advantage of PbX over the other QDs lies in the small effective masses for the electrons and holes (i.e., < 0.09 me). This characteristic is particularly beneficial to ensure an efficient charge delocalization in the QD film with high carrier mobility. In contrast to the solid-state dye-sensitized solar cells where the liquid electrolyte is replaced by the Spiro-OMeTAD as a hole conductor and basically set in association with a high molar (Figure 8 ). The photovoltaic properties have been examined using standard 20 nm-based TiO 2 particles and compared to the 1% GaÀTiO 2 or 1% YÀTiO 2 nanoparticles. A ca. 200 nm thick layer of PbS quantum dots was spin-coated onto the surface of the mesoscopic titania film. A thin gold layer was evaporated onto the PbS nanocrystals under vacuum. To the best of our knowledge, this is the first time that modified TiO 2 film of this type has been employed as such a heterojunction QD solar cell. Table 6 gathers all the photovoltaic characteristics of the photoanodes used. The PV properties of both the galliumÀ and yttriumÀTiO 2 electrodes outperform that of TiO 2 . The most striking result comes from the 1% GaÀTiO 2 where the short-circuit current density was significantly improved from 5.2 to 11.1 mA/cm 2 , albeit at the expense of the photovoltage which decreased from 507 to 485 mV (Figure 9 ). Note that the fill factor was also substantially increased from 0.25 to 0.35. These characteristics bring the PCE to 1.9% in comparison to 0.7% for the benchmark TiO 2 alone. In contrast to the liquid electrolyte, the gallium-based sample shows the best results here. The incorporation of the yttrium-based TiO 2 nanoparticles was also beneficial to increase the short-circuit current density (J sc = 6.5 mA/cm 2 ) and the fill factor (ff = 0.32) leading to a PCE of 1.0%. We speculate that the prolongation of the electron lifetime in these new photoanodes augments substantially the charge carrier collection efficiency and hence the short-circuit current density. Further experiments are underway to scrutinize the role of trivalent cation in enhancing the performance of TiO 2 /PbS heterojunction solar cells.
' CONCLUSION
We modified the optoelectronic properties of regular anatase TiO 2 nanocrystals by means of aliovalent doping by Ga 3þ or Y 3þ . Their successful incorporation within the anatase lattice was confirmed notably by powder X-ray diffraction with the verification of the Vegard's law. Rietveld refinement carried out in the case of the Ga 3þ sample suggests the latter to substitute Ti 4þ lattice ions entailing the formation of oxygen vacancies. In the case of yttrium, the location in the host lattice remains unclear to date owing to its very restricted solubility (ca. 0.05%). In conjunction with the C101 dye in liquid-electrolyte-based dyesensitized solar cells, higher power conversion efficiencies were obtained with these new photoanodes, the champion cell being the 1% YÀTiO 2 sample showing 9.1% PCE. The improvement in performance was ascribed to an increase of electron lifetime in the new photoanodes which affords close to unity charge collection efficiency. The addition of these dopants renders superfluous the post-treating of the particles with a TiCl 4(aq.) . Finally, we have also performed preliminary tests employing the modified TiO 2 particles as electron collector in solid-state TiO 2 /PbS QDs heterojunction solar cells. The best result was so far achieved with a gallium-based photoanode leading to 1.9% PCE in comparison to 0.7% obtained using regular TiO 2 nanoparticles.
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